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In nature, the protection of sensitive components from external threats relies on the
combination of physical barriers and bioactive secondary metabolites. Polyphenols and
phenols are active molecules that protect organisms from physical and chemical threats
such as UV irradiation and oxidative stress. The utilization of biopolymers and natural
bioactive phenolic components as protective coating layers in packaging solutions would
enable easier recyclability of materials and greener production process compared with the
current plastic-based products. Herein, we produce a fully wood-based double network
material with tunable bioactive and optical properties consisting of nanocellulose and
willow bark extract. Willow bark extract, embedded in nanocellulose, was cross-linked into
a polymeric nanoparticle network using either UV irradiation or enzymatic means. Based
on rheological analysis, atomic force microscopy, antioxidant activity, and transmittance
measurements, the cross-linking resulted in a double network gel with enhanced
rheological properties that could be casted into optically active films with good
antioxidant properties and tunable oxygen barrier properties. The purely biobased,
sustainably produced, bioactive material described here broadens the utilization
perspectives for wood-based biomass, especially wood-bark extractives. This material
has potential in applications where biodegradability, UV shielding, and antioxidant
properties of hydrogels or thin films are needed, for example in medical,
pharmaceutical, food, and feed applications, but also as a functional barrier coating in
packaging materials as the hydrogel properties are transferred to the casted and
dried films.
Keywords: cellulose nanofibrils, wood-bark extracts, double network hydrogels, bioactive (poly)phenols, barrier
properties, polyphenols, laccase
INTRODUCTION
Packaging and encapsulation of food, drugs, and other sensitive compounds needing protection
against gaseous and microbial attacks and light are designed to ensure a long enough shelf-life and
safe consumption of the contents. Many packages are composite products consisting of layers of
synthetic polymers and other materials to ensure sufficient barrier properties and mechanical
performance, and are challenging to recycle or dispose without producing waste (Kaiser et al., 2018).
In nature, tree barks represent an excellent solution for the preservation of sensitive contents, as they
provide the trees’ effective protective layers that eventually decay among the other parts of the tree
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and circulate fully in the ecosystem. The bark provides
mechanical and chemical protection against external threats
such as UV radiation and attacks from pathogens, giving the
tree cells an opportunity for extended life span (Pásztory et al.,
2016). In this work, we describe a biomimetic route to wood-
derived materials applicable as bio-active barrier in packaging or
encapsulation.
Double network (DN) hydrogels are a promising approach to
enhance the performance of hydrogels (Gong, 2010). In general,
DN hydrogels are formed by two entangled gel networks that are
not linked to each other. The primary hydrogel is vastly cross-
linked, tough, and strong and the second hydrogel network is less
cross-linked, soft, and ductile (Figures 1A,B). Combined they
have mechanically superior properties compared with their
components alone (Chen et al., 2015). In this study, we create
and characterize a double network of cellulose nanofibrils and
cross-linked willow bark extract. Besides the densely packed and
mechanically sturdy gel structure, this approach allows
embedding the bioactive functionality of the willow bark
constituents into the nanocellulose matrix.
Traditionally, plant extracts have been applied for instance as
medicinal and nutritional products (Quideau et al., 2011), in
leather tanning (Covington, 1997), and textile coloration
(Bechtold et al., 2003), but due to the emergence of synthetic
production of chemical substances and industrialization, the use
of natural extracts has become limited to only certain segments,
such as cosmetics and health care. Natural plant extracts include a
vast range of different bioactive compounds, such as alkaloids,
steroids, tannins, glycosides, phenols, and flavonoids, often
enriched at different parts of the plants (Altemimi et al.,
2017). Polyphenols exhibit bioactivity, such as antioxidant,
antimicrobial, and anticarcinogenic properties, and in addition
they have an ability to precipitate proteins and act as metal
chelators (Quideau et al., 2011; Li et al., 2014; Brglez Mojzer et al.,
2016). Recently, due to the growing interest in more sustainable
ways of creating functional and active materials the research
around plant polyphenols has emerged. Natural polyphenol
complexes have been introduced for instance in sustainable
packaging (Missio et al., 2018), biomedical applications (Zhang
et al., 2020), superhydrophobic materials (Wang et al., 2021),
adhesives (Moubarik et al., 2009), preservatives in wood products
(Tondi et al., 2013a), water purification (Sánchez-Martín et al.,
2011), and as natural dyes (Lohtander et al., 2019). Polyphenols
can be feasibly derived from existing, abundant side-streams of
forest industry, such as tree barks, which are currently
underutilized and often burned for energy production
(Pietarinen et al., 2006; Feng et al., 2013; Ajao et al., 2021).
The most commonly used methods for obtaining plant extracts
are based on scalable solvent extraction with water or other polar
solvents (Tsao and Deng, 2004).
Cellulose is a structural polymer found in abundance for
example in plant-based biomass. Cellulose fibers can be
disintegrated into different derivatives of cellulose nanofibrils
(CNF) with various mechanical, chemical, and enzymatic top-
down methods (Abe et al., 2007). In TEMPO-oxidized cellulose
nanofibrils (TCNF), the C6 primary hydroxyls of the elemental
FIGURE 1 | Formation of double network gels from TEMPO-oxidized cellulose nanofibrils (TCNF) and willow bark extract (WBE). (A) Single network of TCNFmixed
with WBE. (B) Second network of WBE is polymerized around the TCNF network forming a double network. The polymerization is done via UVC irradiation or enzymatic
reaction. (C) WBE components and catechol.
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fibrils that are exposed to solvent are converted to sodium
carboxylates, which result in individualized fibrils with unique
properties, such as high aspect ratio, high surface charge, large
surface area, and outstanding mechanical strength (Isogai et al.,
2011). The large number of chemically reactive carboxylate
groups on the fiber surface makes TCNF an interesting matrix
for adsorption of hydroxyl group containing polyphenols. The
adsorption of polyphenols to cellulose involves a combination of
hydrogen bonds and hydrophobic interaction (Phan et al., 2015).
The entangled individual nanocellulose fibrils form a 3D colloidal
hydrogel network with high water content and an ability to swell
(De France et al., 2017). Hydrogels from polymeric materials and
CNF have been utilized in applications, such as artificial tissue
scaffolds (Drury and Mooney, 2003; Bhattacharya et al., 2012;
Yliperttula et al., 2013), drug delivery (Hoare and Kohane, 2008),
and agriculture (Abd El-Rehim, 2006), to mention a few.
However, often the single-component hydrogels have limited
mechanical properties. CNF materials also show very good
oxygen and oil barrier properties as films due to the vast
hydrogen bonding network formed between fibrils when dried.
The CNF forms nanostructured films, and this in turn also
increases the barrier properties. The possibility of chemically
modifying the CNF fibrils allows functional surface coatings and
modified barriers properties with, for example, increased water
vapor barrier properties (Hubbe et al., 2017; Wang et al., 2018).
As the interaction between polyphenols and cellulose is non-
covalent in nature, the bioactive properties of cellulose functionalized
with adsorbed polyphenols leach quite easily (Tondi et al., 2013b).
To improve the stability, immobilization of different polyphenols to
polymer matrices via covalent bonds has been performed with
chemical approaches (Delgado-Sánchez et al., 2016; Hu et al.,
2017). Here, we demonstrate that the durability of the bioactive
properties of cellulose-based material can also be achieved with mild
process conditions utilizing the characteristic reactions of
polyphenols and physical entanglement. Phenolic compounds can
undergo polymerization via enzymatic, chemical, and even auto-
oxidation reactions (Tanaka et al., 2010). Also, light irradiation can
alter the structures of phenolics as photoinduced excitation of
hydroxyl groups and aromatic ring can lead to new isomers and
oligomeric products (Yu et al., 2014; Shi et al., 2016). In the present
work, we use these methods to create a double network (DN) gel by
creating internal cross-links in the willow bark extract, which leads to
interlocking with the nanocellulose fibril network (Figures 1A,B).
Hot water extraction was employed for obtaining the willow bark
extract whose main constituents are (+)-catechin, picein, and
triandrin, along with some free monosugars (Figure 1C) (Dou
et al., 2018). The oxidation and polymerization mechanisms of
(+)-catechin have been thoroughly investigated and the reaction
is known to occur through the catechol moiety on the B-ring of
catechin (Torreggiani et al., 2008). Catechol is polymerized with the
same reactionmechanisms and thus catechol was selected as amodel
compound for plant polyphenol in this study (Solano, 2014). The
properties, formationmechanism, and bioactivity of films formed by
casted DN gels were studied and it was shown that the properties




TEMPO-oxidized nanocellulose (TCNF) with a surface charge of
1 mmolg−1 was prepared from bleached birch kraft pulp, as
described earlier by Saito et al. (2007). Shortly, never dried
bleached birch kraft pulp at 1 g L−1 concentration was
subjected to TEMPO catalyzed oxidization (0.3 weight ratio of
TEMPO to pulp) for 4 h at room temperature. The product was
purified from residual reaction chemicals by centrifugation and
re-dispersing with deionized water. The centrifugation and
washing step were repeated twice. The resulting TEMPO–CNF
was then fluidized twice using 1,300 bar and 1900 bar pressure
respectively with a fluidizer (Microfluidics M110EH). The
carboxylic acid content of TEMPO–CNF (dry matter content
1.06% w/w) was determined by conductometric titration and was
approximately 1 mmolg−1. Willow bark extract (WBE) was
obtained from barks of four-year-old hybrids (Karin, harvested
from Finland, Kyyjärvi plantation) using hot water extraction
(bark-to-water ratio 1:20) at 80°C for 30 min with stirring at
250 rpm according to the previously published method (Dou
et al., 2018). The extract was filtered (retention size 12–15 µm)
and centrifuged (4,500 g, 20 min, 21°C) to remove residual bark
solids, and lyophilized into powder. The main components of
extract were picein, (+)-catechin, triandrin, and monosugars
(∼29%, ∼11%, ∼25%, and 26.5%, respectively) according to an
earlier study (Dou et al., 2018). A Trametes hirsuta laccase (ThL)
with a catalytic activity of 6,500 nkat ml−1 and a protein
concentration of 3.5 g L−1 was homologically produced, and
purified with a method described elsewhere (Rittstieg et al.,
2002). Catechol (Cat, purity ≥99%), ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)), D-sorbitol (≥98%), and
tannic acid (ACS grade) were obtained from Sigma-Aldrich
(Helsinki, Finland). The water used in all experiments was
purified with a Millipore Synergy UV unit (MilliQ-water,
18.2 MΩcm).
Preparation of Gels and Films
The double network hydrogels of TCNF with WBE or catechol
were made according to the procedure presented in Scheme 1 and
then cast to form the self-standing films. First, the WBE or
catechol was mixed with TCNF network and polymerized in
situ by using a Trametes hirsuta laccase (ThL) or UVC-light to
yield a double network hydrogel, and second, a self-standing
nanocomposite film with the bioactive properties was casted.
TCNF suspension of 0.4 wt% (4 g L−1) and 0.8 wt% (8 g L−1)
aqueous solution of WBE or catechol was mixed properly with a
magnetic stirrer. The pH of used WBE and catechol solutions
were 5.4 and 4.4, respectively. The final concentration of TCNF
was 0.2 wt% and that of WBE or catechol was 0.4 wt%. Double
network (DN) hydrogels were prepared by polymerization of
phenols either as a bulk reaction with laccase enzyme or as a
surface irradiation with UV-light. The concentration of ThL in
the enzymatically polymerized samples was 20 nkat ml−1 and the
samples were incubated at 37.5°C for 4 h with constant shaking.
UV-irradiated samples were exposed to UVC (254 nm) light
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using UV cross-linker CL-508 (Uvitec, United Kingdom) and the
applied exposure was 40 Jcm−2. For film preparation, the DN gels
were casted on polystyrene petri dishes (diameter 6 cm) and dried
under ambient conditions for 3 days to ensure equilibration and
full dryness. For the analysis of the films the dry matter content of
materials was doubled but the ratio of TCNF to WBE/catechol
was kept constant, i.e., 0.4 wt% TCNF and 0.8 wt% WBE or
catechol. For oxygen transmission rate analysis, the films were
plasticized with sorbitol (30 wt% of TCNF dry matter) to keep the
self-standing films intact during the measurements. Sorbitol was
mixed into the DN mixtures prior to film casting.
Chemical Analysis
The UVC-light and ThL enzymatically cross-linked polymeric
materials of 0.4 wt% WBE or catechol were characterized using
size-exclusion chromatography (SEC). Polymeric materials were
dissolved into 0.1 M NaOH to a concentration of 2 g L−1 and
filtered through a Millex 0.45 µm syringe filter (Millipore,
United States). A high-performance liquid chromatography
system (Agilent 1,100, Agilent Technologies, United States)
was used in combination with a UV detector, and the applied
flow rate was 0.7 mL min-1, and injection volume 50 µL.
Molar masses were determined based on the UV signal at
280 nm and columns used were Polymer Standards Service
MCX 300 X 8 mm (three columns with pore sizes of 100 Å,
500 Å, and 1,000 Å). Calibration curve was accomplished with
polystyrene sulfonate standards (1,000–64,000 g mol−1) and
syringol (M  154 g mol−1).
The changes in chemical structure of suspension-casted films
were measured using attenuated total reflection Fourier-
transform infrared (ATR FTIR) spectroscopy. FTIR spectra
were obtained with a Thermo Scientific Nicolet iS50 FT-IR
spectrometer coupled with an attenuated total reflection
(ATR) diamond (Thermo Scientific, United States). The
spectra were normalized relative to the band at 1,026 cm−1.
Bioactive Properties
UV protective properties and antioxidant activity of suspension-
casted films were measured with a UV-2550 spectrophotometer
(Shimadzu, Japan). Antioxidant activity of suspension-casted
films and pure compounds were determined according to
ABTS assay reported elsewhere (Re et al., 1999) with small
modifications. Briefly, the stock solution of ABTS radical
cation was diluted with water until absorbance reading 0.7
at 734 nm. The samples, powder (2 mg) or circular films
(d  6 mm), were mixed with 2 ml of diluted radical solution.
Tannic acid (TA) was used as antioxidant reference and the
calibration curve was prepared from five different concentrations
(0.1–2 µgmL−1). The absorbance was recorded after mixing
samples with a rotator for 30 min and all measurements were
carried out in triplicates.
The ABTS radical scavenging activity was calculated using
equation
Radical scavenging(%)  (1 − As
Ac
)x100 (1)
where As is the absorbance of the sample after the reaction and Ac
is the absorbance of the ABTS radical cation solution. Results
were reported also as tannic acid (TA) equivalents, which were
calculated with a calibration curve (Supplementary Figure 6A).
Physical Properties
The adsorption of WBE onto TCNF thin film was investigated
using quartz crystal microbalance with dissipation monitoring
(QCM-D). TCNF thin films were spin-coated onto gold quartz
crystals (Q-Sense, Biolin Scientific, Sweden) using
polyethyleneimine (PEI) as an anchoring layer. First, drops of
PEI solution were deposited on the crystals and the polymer was
allowed to adsorb for 10 min, and then, the crystals were
thoroughly rinsed with deionized water. The 1.2 wt%
suspension of TCNF was centrifuged (8,000 × g, 30 min) to
SCHEME 1 | The procedure of preparing double network hydrogels and bioactive nanocomposite films from TEMPO-oxidized cellulose nanofibrils (TCNF) and
willow bark extract (WBE) or catechol. (A) Network I (TCNF) is mixed with network II monomers (WBE or catechol). Network II is formed from WBE or catechol by
polymerization reaction with ThL laccase enzyme or UV-light. (B) Nanocomposite film is formed by casting and air-drying. Bioactivity tests are carried out for the
nanocomposite films.
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obtain finest fibrils containing supernatant (0.15 wt%), which was
then spin-coated (4,000 rpm, 1 min) onto crystals. Lastly, the
substrates were heated at 165°C for 5 min followed by cleaning
under flowing nitrogen. The increase in the sensed mass and
viscoelastic properties of TEMPO-oxidized cellulose nanofibril
thin film due to adsorption of willow bark extract (WBE) was
monitored using a Q-Sense E4 instrument (Q-sense, Sweden) at
room temperature. A constant flow rate of 100 µL min−1 was
applied in all measurements. First, deionized water was injected
until a stable baseline was obtained. Then WBE solution
(0.1 g L−1) was injected until the monitored resonance
frequency of the quartz crystal (5 MHz) becomes stable.
Finally, the chambers were rinsed with deionized water until
the monitored resonance was stable. WBE adsorption was
followed as changes in the resonance frequency (3rd overtone)
of the QCM-D sensor.
The surface morphology was characterized from spin-coated
thin films by using atomic force microscopy (AFM). The AFM
imaging was performed with a Nano-TA instrument (Anasys
Instruments, United States) using tapping mode in air with
mounted standard silicon tapping mode probes with Al reflex
coating (Applied Nanostructures Inc., CA, United States) and
only flattening was used in image processing. The size of images
was 5 × 5 μm2 and images were taken from two different locations
of samples. The size of polymeric particles was estimated from the
cross-section profiles of height images. The damping ratio in
imaging was between 0.75 and 0.85.
Oxygen transmission rate (OTR) of suspension-casted films
was measured according ASTM standard F1927 using gas
permeation tester (Mocon Ox-Tran Model 2/21, Modern
Controls Inc., United States). The sample film was masked
between metal foils and measured under controlled conditions
(RH 50%, 23°C) from 5 cm2 area. Duplicate samples were
analyzed simultaneously. Thickness of films was measured
with a micrometer (Lorentzen and Wettre, Sweden) from
three places and given as a mean value. The stability of films’
color was qualitatively tested by immersing film pieces to water
for 30 min and the color leaching was recorded with photographs
before and after immersion.
Tensile strength testing was carried out with a DDS-3
microtensile tester (Kammrath & Weiss, Germany) using
100 N load cell, 10 mm gauge length, and 0.5 mm min−1
elongation rate. The casted films with known thickness were
cut into 2.25 mm × 10 mm specimens with razor blade jig and
each specimen was glued from both ends to small paper pads.
Samples were equilibrated at 50% relative humidity and 21°C at
least for 12 h prior to measurements. The mean tensile
strength and toughness were determined from four
measurements.
Rheological measurements were performed with a smooth
40 mm parallel plate geometry using Discovery hybrid
rheometer-2 (TA Instruments, United States). The
concentration of TCNF was 0.2 wt% and that of WBE/catechol
was 0.4 wt%. Frequency sweeps were carried out at 22°C using
frequencies 0.01–10 Hz with constant stress determined
individually to each sample type with oscillatory stress sweeps
to ensure that the measurements were performed at the linear
visco-elastic region. Stress sweeps (0.001–1 Pa) were performed
using a constant frequency of 0.1 Hz. Duplicate samples were
measured for each sample type.
RESULTS AND DISCUSSION
Rheological Properties of Double Network
Gels
he DN gel visco-elastic properties were studied by small
deformation oscillatory rheology that is generally used to
probe the system’s internal interactions and gelling behavior.
Using the method, we could see how the cross-linking affected the
rheological properties of different samples. Cross-linking with
either method did not greatly alter the loss tangent Tanδ (G″/G′)
of WBE or catechol (Supplementary Figures 1A,B), yet from the
moduli data of the samples (Supplementary Figures 1C,D) it is
clear that ThL cross-linking affects the catechol system and it
becomes a measurable fluid, i.e. a visco-elastic fluid (Tanδ above
1) with a clear response to frequency (Supplementary Figure 1D)
showing a cross-over of G″ and G′ at around 0.55 Hz where G′
FIGURE 2 | Small deformation frequency sweeps of double network gels of TEMPO-oxidized cellulose nanofibril (TCNF) with willow bark extract (WBE) or catechol
and TCNF controls. (A) Untreated TCNF (green lines), TCNF with WBE (brown lines), and TCNF with catechol (black lines), (B) UVC cross-linked TCNF (green lines),
TCNF with WBE (brown lines), and TCNF with catechol (black lines), and (C) ThL enzyme cross-linked of TCNF (green lines), TCNF with WBE (brown lines), and TCNF
with catechol (black lines). Solid lines in figures represent the elastic modulus (G′) and dashed lines represent the viscous modulus (G″).
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becomes larger thanG″. These changes in the catechol system indicate
a change in the structure of the system due to cross-linking, i.e.
polymerization. However, in the presence of TCNF, the cross-linking
increased both G′ and G″ values (Figures 2A–C) and lowered the
Tanδ values below 1 (Supplementary Figures 2A–C) indicating a
greater increase in the elastic component of the systemand leading to a
more solid-like system, a gel. A clear change in the rheological
behavior is observed as G′ is larger than G″ and the systems
respond to frequency. These suggest increased amount of internal
interactions in the gels that can be i) due to polymerization of the
WBE/catechol and ii) their interactions with TCNF. In addition to the
polymerization, the latter is suggested to take place in the system at
least with TCNF andWBE as the moduli are increased and the Tanδ
decreased even without cross-linking (Figure 2A brown line and
Supplementary Figure 2A brown line). The cross-linking of the
molecules ofWBE and catechol led to a network of nanoparticles and
large polymers visualized by AFM (Supplementary Figure 3) and
analyzed by SEC (Supplementary Figure 4), respectively. The cross-
linkedWBEwas effectively interlaced to TCNFnetwork through non-
covalent interactions with the abundant carboxylate groups (ATR-FT-
IR spectra presented in Figure 3 and discussed later). The
combination of two chemically separate networks improved the
strength of the hydrogel (Haque et al., 2012).
To further verify the interaction between WBE and TCNF
without cross-linking, quartz crystal microbalance with
dissipation monitoring (QCM-D) was used. From QCM-D it
was evident thatWBE adsorbed onto the TCNF surface, indicated
by the negative change in frequency, and formed a tight and thin
layer as dissipation did not change during adsorption
(Supplementary Figure 5). Owing to the small negative
charge in frequency (Δf  −5.5 Hz) of WBE adsorbing on
TCNF thin film, the adsorbed amount was low, yet rinsing did
not remove the adsorbed molecules, suggesting non-electrostatic
interaction between WBE and TCNF.
In contrast, the catechol lowered the moduli of TCNF
(Figure 2A, black line) and did not affect the Tanδ
(Supplementary Figure 2A, black line) of the TCNF gel
network before cross-linking and thus, can be considered not
to interact with TCNF in the same manner as WBE. The cross-
linking of the systems by UVC showed clearly that interactions
within the system were increased (Figure 2B, Supplementary
Figure 2B). The ratio of G′ to G″ was increased and the Tanδ was
lowered now for both the TCNF with WBE and TCNF with
catechol (Supplementary Figure 2C). Similar effects were
noticed for enzymatic cross-linking of TCNF with both WBE
and catechol (Figure 2C, Supplementary Figure 2C). It is
noteworthy to mention that the addition of the enzyme to
TCNF alone affected negatively the TCNF gel network
(Figure 2C; Supplementary Figure 2C). ThL can adsorb onto
cellulose surface (Saarinen et al., 2009), and the result suggests
FIGURE 3 | FTIR spectra of the samples after different cross-linking methods and the corresponding untreated samples. (A) Willow bark extract (WBE) with
TEMPO-oxidized cellulose nanofibrils (TCNF), (B) catechol (Cat) with TEMPO-oxidized cellulose nanofibrils (TCNF), (C)Willow bark extract (WBE), and (D) catechol (Cat).
Inset spectra showing the boxed part of each spectrum to indicate peaks at 1720 cm−1 (A,B) and at 1715 cm−1 (C,D).
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that even in small quantities this interaction can disrupt the
interactions between fibrils in the TCNF network.
Bioactive Properties of Films
The double network hydrogels of TCNF withWBE or catechol were
casted to nanocomposite films (Scheme 1B). The results showed that
the suspension casted films of TCNF with WBE or catechol very
effectively block both UVB (280–320 nm) and UVA (320–400 nm)
irradiation (Figures 4A,B). The strong UV-absorbing capacity is a
characteristic for natural polyphenols (Anouar et al., 2012). The
effect was enhanced when WBE and catechol were cross-linked
either by UVC or by ThL enzyme. TCNF-WBE films blocked all
UV-light even without polymerization (Figure 4A), whereas in case
of TCNF-catechol, only the enzymatically cross-linked film blocked
UV completely (Figure 4B).
The difference in UV-blocking properties of TCNF-WBE and
TCNF-catechol was most likely due to different initial polymer sizes.
The initial polymer size was larger for WBE than for catechol
(Supplementary Figure 4), which also affected the chromophore
characteristics and light absorption ability. Increasing the polymer size
can lead to a bathochromic shift toward darker color (IARCWorking
Group on the Evaluation of Carcinogenic Risks to Humans, 2010),
whichwas evident for bothWBE and catechol (SupplementaryVideo
1). The difference in the resulting polymer size can be due to different
initial monomer size and cross-linking mechanism. Laccases catalyze
oxidation of a broad variety of aromatic and nonaromatic substrates.
During the reaction, the substrate molecule loses one electron and
forms a highly reactive free radical, which can further undergo
reactions, such as cross-linking of monomers (Claus, 2004). The
use of laccases has been shown to be effective and ecological in
applications such as pulp delignification, bioremediation of pollutants,
and food processing (Riva, 2006). Although WBE contains
(+)-catechin with similar o-phenol moieties as catechol, the
position and size of substituents influence the ability of the
substrate to bind to the laccase active site (Xu, 1996; D’Acunzo
et al., 2002). In addition to (+)-catechin, WBE contains two other
components, picein and triandrin (Figure 1C), which can presumably
also react with laccases. The enzyme cross-linking of catechol in the
presence of TCNF produced a material that completely blocked all
wavelengths from 200 to 700 nm and only less than 10% of
700–800 nm light was passed through (Figure 4B). Depending on
the cross-linking method, we were able to produce materials with
selective light-adsorbing capacity ranging from total blocking of
wavelengths below 700 nm (TCNF-catechol ThL) to TCNF-WBE
that blocked only wavelengths below 400 nm. Previously, it has been
shown that UV-protecting ability can be improved by increasing the
concentration of polyphenols in the film (Li et al., 2019). The results
presented here, however, showed that the UV-absorbing properties of
polyphenols can be adjusted by controlling the extent of
polymerization, rather than with increasing the concentration.
Free radicals, such as reactive oxygen species, cause damage to a
wide variety of biomolecules and phenolic compounds capable of
donating hydrogen atoms can suppress their formation (Choi et al.,
2002). The skin defense mechanism against UV radiation,
i.e., formation of melanin pigment, is also based on the redox and
polymerization reactions of catecholic precursors, such as 3,4-
dihydroxyphenylalanine (Sedõ et al., 2013). Herein, we found that
the radical scavenging ability of the WBE and catechol in solutions
was almost 100% (Supplementary Figure 6B). However, solutions
are typically not feasible for use in radical scavenging and solid
material embedded antioxidants are needed. Thus, using a
nanocellulose-based material that can readily form thin films and
a method to immobilize the radical scavenging molecules into the
thin film (cross-linking) seem plausible. The radical scavenging
activity of WBE and catechol polymerized together with a TCNF
network was as high as the activity of the respective molecules in
solution (Figure 4C vs. Supplementary Figure 6B). In time, if the
WBE and catechol were not cross-linked, they were washed off from
the TCNF films (Supplementary Figure 7). The leaching of plant
extracts frommaterials is a well-acknowledged issue, which has been
limiting their use (Tondi et al., 2013b). Chemical characteristics, such
as higher molecular weight and number of hydroxyl substituents and
aromatic rings, have been previously shown to improve the
adsorption of phenolic compounds on cellulose (Phan et al.,
2015). Based on visual assessment, cross-linking of WBE and
catechol in the presence of a nanofibrillar network prevented the
FIGURE 4 | UV-shielding properties of TEMPO-oxidized cellulose nanofibril (TCNF) nanocomposite films containing (A)willow bark extract (WBE) and (B) catechol
(Cat). (C) The radical scavenging activity (blue bars) and tannic acid (TA) equivalents (green bars) of the nanocomposite films.
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color fading when immersed in water (Supplementary Figure 7).
The cross-linking, however, did not prevent the materials’ ability to
scavenge radicals (Figure 4C). The enzymatic cross-linking of WBE
lowered the radical scavenging ability from 90% to approximately
40%. The UV cross-linking, however, did not affect the radical
scavenging ability of the molecules at all. Enzymatically
crosslinked TCNF-WBE films had a poorer ability to block UV-
light and a poorer ability to act as an antioxidant than the respective
film crosslinked with UVC. Radical scavenging capacity of
polyphenols correlates with the number of phenolic units having
accessible hydroxyl groups and in addition, polymeric polyphenols
can have lower antioxidant activity than smaller monomeric or
dimeric products (Plumb et al., 1998; Bors and Michel, 1999).
Therefore, the reduction in free radical scavenging was most likely
due to the more effective polymerization of WBE with the enzyme,
which lowered the number of accessible scavenging phenolic units,
also observed as larger polymer size (Supplementary Figure 4).
Morphology of the Films
Atomic force microscopy (AFM) results in Figure 5,
Supplementary Figures 8–13 reveal that when the WBE was
cross-linked in the presence of TCNF it formed nanoclusters or
beads (Figures 5C,D, Supplementary Figures 8, 9 respectively) in
addition to polymeric fragments (Supplementary Figure 4). The
WBE formed these nanoparticles also without cross-linking (Figures
5B; Supplementary Figure 10), but they were somewhat smaller
(height approximately 10 nm) compared to the cross-linked ones
(10–30 nm, Figures 5C,D, Supplementary Figures 8, 9
respectively). The distribution of the particles within the TCNF
matrix appeared to be more uniform with the enzyme cross-linking
(Figures 5D, Supplementary Figure 8) and they were more even in
size compared to the UVC cross-linked material (Figures 5D,
Supplementary Figure 8). The AFM images for TCNF and
catechol (Figures 5E–G, Supplementary Figures 11–13) showed
that catechol formed nanoparticles only when it was cross-linked
(Figures 5F,G, Supplementary Figures 12, 13). The nanoparticles
were smaller in size compared to WBE particles and they were
equally distributed within the TCNF matrix regardless of the cross-
linking method. The TCNF sample showed only nanofibrils and
nanoparticles similar to WBE and catechol samples were not seen
(Figure 5A and Supplementary Figure 14). The TCNF sample
surface was evenly covered with the fibrils.
Chemical and Mechanical Properties of
Films
From the Fourier-transform infrared (FTIR) results shown in
Figure 3 it can be observed that no covalent bonding between
FIGURE 5 | Images of casted films, AFM height images, and cross-section profiles of corresponding spin-coated films. (A) TEMPO-oxidized cellulose nanofibrils,
(B) TEMPO-oxidized cellulose nanofibrils withWillow bark extract, (C) TEMPO-oxidized cellulose nanofibrils withWillow bark extract cross-linked with UVC, (D) TEMPO-
oxidized cellulose nanofibrils with Willow bark extract cross-linked with ThL enzyme, (E) TEMPO-oxidized cellulose nanofibrils with catechol, (F) TEMPO-oxidized
cellulose nanofibrils with catechol cross-linked with UVC, (G) TEMPO-oxidized cellulose nanofibrils with catechol cross-linked with ThL enzyme.
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TCNF and WBE or catechol occurred. Thus, the entrapment of
WBE and catechol by cross-linking in the TCNFmatrix was most
probably due to formation of polymeric particles and fragments
and their cross-linking via polymerization, which formed a
double network hydrogel where TCNF offered a structural
network guiding the formation of WBE/catechol nanoparticle
network.
TCNF FTIR spectrum showed typical peaks of native cellulose
(υOH 3,600–3,100 cm−1, υCH 2,901, 1,431 cm−1, υH2 O
1641 cm−1, υC-O 1165 cm−1, 1,059 cm−1, υCH2 899 cm−1)
(Ciolacu et al., 2011) and υC  O of sodium carboxylate at
1,603 cm−1 (Fujisawa et al., 2011). UVC and ThL did not cause
chemical changes in pure TCNF (Supplementary Figure 5). The
FTIR spectra of WBE and catechol containing films, except
untreated TCNF-catechol film (Figure 3B red line), were
similar to pure TCNF film. A noteworthy difference was that
the bands between 1,520 and 1,200 cm−1 were broader in WBE
and catechol containing films owing to the overlapping
absorption bands of aromatic rings in WBE and catechol with
cellulose CH and CO stretches (Ricci et al., 2015). In addition,
shoulder at approximately 1720 cm−1 was present in WBE and
catechol containing TCNF films (A and B insets respectively),
and could be attributed to protonated carboxyl groups of
TCNF due to the addition of slightly acidic WBE and catechol
(Jiang and Hsieh, 2016). The FTIR spectrum of pure WBE
(Figure 3C) shows characteristic bands of polyphenol (υOH
3,300 cm−1, υCH 2,930 cm−1, υarom. 1,600–1,400 cm−1, υC O
1,050 cm−1) (Chupin et al., 2013). Cross-linking with UVC
and ThL induced structural changes in aqueous solutions of
WBE and catechol (Figures 3C,D). The structural changes in
catechol caused either by UVC or by ThL enzyme were mere clear
and larger compared to WBE. Similar features in the spectra of
catechol and polymerized catechol that are shown in Figure 3D
have been presented in the literature (Aktaş et al., 2003). During
polymerization, monomeric units of catechol were condensed via
C-C and C-O-C linkages, which could be observed as changes at
υC-C, υC-H-arom. 1,585, 1,510, 820–690 cm−1 and υC-O-C 1170,
1,280 cm−1 (Dubey et al., 1998). Both UVC cross-linked
aqueous WBE and catechol showed a band at 1715 cm−1,
which was not present in ThL cross-linked aqueous solutions
of WBE and catechol or untreated films with WBE and catechol.
This result suggests that the cross-linking reactions triggered by
UVC yielded a final polymeric product with a slightly different
structure and molecular weight compared to enzymatic cross-
linking. Owing to applied extraction conditions and auto-
oxidation of polyphenols, compared with catechol, WBE
contained larger oligomeric and polymeric structures before
the enzymatic or UVC cross-linking and therefore, the
observed structural changes were not as large as with catechol,
which was present as a monomer prior to cross-linking
(Supplementary Figures 3, 4) (Tanaka et al., 2010). The
possible interfacial interactions, namely different hydrogen
bonding of WBE molecules with C-H and O-H groups on the
TCNF fibrils’ surfaces, were physical by nature. Being a bulk
method, FTIR is not sensitive to probing the interactions
occurring at the material’s surface only, but the result is an
average of a larger sample volume, thus showing only weak
peaks for the changes happening due to surface reactions.
Tensile testing of the films showed that the addition ofWBE or
catechol or their cross-linking affected negatively the mechanical
performance of dried TCNF films (Figures 6A–C). Here, the
reported tensile strength of pure TCNF was slightly higher than
that reported elsewhere (233 MPa, elongation 7.6% (Fukuzumi
et al., 2009)) due to small size of specimen, which is known to
influence the observed tensile properties (Hervy et al., 2017).
However, the comparison between different samples could be
carried out, keeping the specimen measures constant. The strain
and toughness of the dry films were significantly lowered by the
addition of WBE or catechol and polymerization made the dry
films more brittle. This could be caused by the polymeric matrix
disturbing the cellulose–cellulose interactions that usually form
upon drying of the system as the polymeric matrix has been
formed in the hydrogel state around and in between the fibrils.
When the DN hydrogel was dried, the WBE/catechol polymer
matrix prevented the formation of interfibrillar interactions
making the films more brittle. A similar trend in reduction of
tensile properties has been reported in the literature for other
tannins containing cellulose films (Olejar et al., 2014; Missio et al.,
FIGURE 6 | Tensile stress–strain curves of (A) willow bark extract (WBE) and (B) catechol (Cat) containing TEMPO-oxidized cellulose nanofibril (TCNF) films with
and without UVC and ThL cross-linking, and (C) toughness of the corresponding films.
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2018). The distribution of WBE and catechol particles was most
even in the ThL cross-linked samples (Figures 5C,F respectively),
which could plausibly explain the slightly better tensile toughness
values of ThL cross-linked TCNF-WBE and TCNF-catechol films
(Figure 6C). The aggregation of nanoparticles typically has a
negative influence on the mechanical strength of polymer
composite films (Olsson et al., 2010). The mechanical
performance of the self-standing films could be increased by
increasing the amount of materials in the film or by depositing the
film on a support structure. In applications such as barrier
coatings in packaging the barrier coating serves as a thin
coating layer in between other functional barrier coatings
(Wang et al., 2018). This would be an ideal way of applying a
barrier layer such as the one described in this study.
The oxygen transmission rates (OTR) of the different films are
shown in Table 1 along with the film thicknesses. The thickness
of pure TCNF was at least half of the thickness of the other films.
This was due to lower total solids content of the pure TCNF
solution from which the films were casted. The amount of TCNF
was kept constant for all solutions used to prepare films; however,
the amount of added cross-linker contributed to the total solids
content of the solutions and thus, to the resulting film thickness.
The thickness difference in WBE and catechol containing films
can be mainly explained with the different sizes of oligomeric
products. However, althoughThL cross-linkedWBE has the largest
polymer size according to SEC results (Supplementary Figure 4),
the thickness of the ThL cross-linked TCNF-WBE film was almost
half of the same films with and without UVC cross-linking. This
suggests that in the ThL cross-linked TCNF-WBE film, the
constituents can be packed closer together resulting in a denser
material. In TCNF-catechol films, the variance in the thickness was
relatively small. The thickness remained the same in uncross-
linked and UVC cross-linked TCNF-catechol films. With ThL
cross-linking, the thickness increased slightly, most likely owing to
the bigger size of cross-linked polycatechols. In general,
nanocellulose films exhibit excellent oxygen barrier properties
since the compact network formed by hydrogen bonding
interconnected fibrils physically prevents the permeation of
oxygen molecules (Syverud and Stenius, 2009). The values in
Table 1 show that all films had good/excellent oxygen barrier
properties since the oxygen transmission rates (OTR) varied
between 1–10 cc/m2day (Abdellatief and Welt, 2013). The OTR
values for pure TCNF films have been reported to vary from 1.65 ×
10−3 cc/m2day to 13.5 cc/m2day at RH 35 and 100%, respectively
(Qing et al., 2013). The addition of WBE and catechol with and
without cross-linking yielded somewhat lower to similar oxygen
transmission rates as neat TCNF. And exception was TCNF film
with catechol without any cross-linking. The size and distribution
of entrapped WBE and catechol particles varied depending on the
cross-linking mechanism. The interaction of two physically
interlaced networks of TCNF and WBE or catechol could
plausibly yield to changes in the compactness of the films,
i.e., number of pores and voids induced by polymerization. The
WBE on its own already interacted with TCNF (Figure 2A,
Supplementary Figure 2A) and increased the surface roughness
(Figure 4B) creating a less dense film and thus, leading to lower
OTR. Cross-linking this with UVC created a less evenly distributed
hydrogel network of nanoparticles (Figure 5C) increasing the
OTR. The enzyme cross-linking caused increase in interactions
(Figure 2C) and a more homogeneous distribution of smaller
particles (Figure 5D), which in turn lowered the surface roughness
and the OTR as a more connected network was created. The
catechol alone did not interact with the TCNF network (Figure 2A,
Supplementary Figure 2A) and OTR was clearly higher than in
TCNF. The UVC cross-linking of the TCNF film with catechol
decreased the OTR compared to non-cross-linked TCNF film with
catechol indicating that increased connectivity of the network
translated into a less porous film. The OTR value of UVC
cross-linked TCNF with catechol film was comparable to TCNF
alone suggesting that the interaction between fibrils that the
catechol without cross-linking disturbed were replaced by
interactions of polymerized catechol after UVC treatment.
Unfortunately, we were not able to measure the OTR for the
enzyme cross-linked TCNF-catechol film, as it was very fragile
despite added sorbitol as a plasticizer. This suggests that even
though the chemical structures of UVC and ThL cross-linked
TCNF-catechol films were similar, the arrangement of polymeric
particles and interaction with the TCNF network was notably
deviating, most likely owing to the different mechanisms of
enzymatic and photo-induced cross-linking.
CONCLUSION
In this work, we showed that natural polyphenols from willow bark
can be embedded in a nanocellulose matrix via double network
hydrogel formation in a way that the bioactive properties (UV-vis
adsorption and antioxidant nature) of the polyphenols could be
transferred to the resulting bionanocomposite material. In contrast
to earlier efforts regarding double network (DN) hydrogels that rely
on synthetic polymers and chemical initiators, cross-linking of
polyphenols was carried out with nonhazardous, simple, and
green methods using UV irradiation or enzymatic catalysis. The
rheological investigation of the DN hydrogels showed that the
formation of the second network increased the amount of
interactions in the system and increased the hydrogel rheological
properties. Rheology also showed differences between the cross-
linking methods and the interactions within the different systems.
Willow bark extract (WBE) appeared to be able to interact with the
TABLE 1 | Oxygen transmission rates (OTR) of TEMPO-oxidized cellulose
nanofibril (TCNF) film, TCNF film with willow bark extract (WBE) (TCNF-WBE),
and TCNF film treated with catechol (TCNF-Cat) untreated, UVC-treated, or ThL
enzyme treated at relative humidity 50%, and the film thicknesses.
Film OTR (cc/m2day) Thickness (µm)
TCNF 4.45 ± 5.18 24.3 ± 1.5
TCNF-WBE 0.90 ± 3.12 85.3 ± 2.5
TCNF-WBE UVC 3.43 ± 1.57 74.0 ± 3.6
TCNF-WBE ThL 1.63 ± 1.75 46.0 ± 1.7
TCNF-Cat 9.68 ± 5.88 50.7 ± 1.2
TCNF-Cat UVC 4.30 ± 0.23 51.0 ± 7.2
TCNF-Cat ThL n.d.a 57.3 ± 3.5
aThe sample was too fragile to be measured.
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TEMPO-oxidized nanocellulose network (TCNF) even without
cross-linking, whereas catechol employed as a model molecule
did not cause significant differences in the TCNF network
without cross-linking. The morphological analysis revealed that
both UV irradiation and enzymatic cross-linking resulted in a
polymeric nanoparticle network with different structures and
interaction with the TCNF network, and thus to nanocomposite
films with altering physical and chemical properties. The
nanocellulose network appeared to guide the formation of the
polyphenol nanoparticle network and the resulting system was
best described as a double network hydrogel bionanocomposite.
The resulting films had varying UV blocking and radical scavenging
capacities depending on the applied cross-linking method. This
observed tunability enabled adjusting the bioactive properties
with more raw material efficient means, as increasing the
concentration of the bioactive molecule above 0.8 wt% was not
required. The excellent OTR values of CNF materials were not
compromised due to the addition of the bioactive compound and in
some cases even slightly increased compared to TCNF film. Overall,
the fully wood-based material introduced in this study prepared by
tunable mild cross-linking methods serves as a proof of concept
material. The DN hydrogels presented here could have potential in
different applications where nontoxic, biodegradable, and biobased
hydrogel materials are needed for example in pharmaceutical,
medical, and food applications. The composite films prepared
from the DN hydrogels have potential as barrier-coating layers
with bioactive properties in applications where oxygen barriers,
light guidance, and specific adsorption are required. The most
potential application is in food and pharmaceutical packaging.
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